Bromphenol blue, which was reduced with dithionite, was found to support nitrate reduction catalyzed by squash NADH:nitrate reductase at a rate about 5 times greater than NADH with freshly prepared enzyme and 10 times or more with enzyme having been frozen and thawed. Assimilatory nitrate reductases of higher plants, algae, and fungi use pyridine nucleotides as the electron donor for reduction of nitrate (3, 7, 12) . However, these enzymes will also accept electrons from other low potential donors such as flavins and viologen dyes (3, 7, 12) . When the NR2 functions as a catalyst with these artificial electron donors, the NADH site of the enzyme is bypassed and the electrons enter the system downstream from the FAD which is involved in accepting electrons from pyridine nucleotides (3, 7, 12). The most definite demonstration of the separation of electron acceptor sites was made by cleaving Chlorella nitrate reductase into two functional domains with proteases (14). One cleavage product contained FAD and the NADH site and had dehydrogenase activity for reduction of ferricyanide by NADH. The other product contained heme-Fe and Mo and had reductase activity for reduction of nitrate by
values were 9 micromolar for NADH at 10 millimolar nitrate and 50 micromolar nitrate at 0.1 millimolar NADH. Bromphenol blue was found to be a noncompetitive inhibitor versus NADH with a Ki of0.3 millimolar.
When squash NADH:nitrate reductase activity was inactivated with p-hydroxymercuribenzoate or denatured by heating at 40°C, the bromphenol blue nitrate reductase activity was not lost. These results were taken to indicate that bromphenol blue and NADH donated electrons to nitrate reductase at different sites. When monoclonal antibodies prepared against corn and squash nitrate reductases were used to inhibit the nitrate reductase activities supported by NADH, bromphenol blue, and methyl viologen, differential inhibition was found which tended to indicate that the three electron donors were interacting with the enzyme at different sites. One monoclonal antibody prepared against squash nitrate reductase inhibited all three activities of both corn and squash nitrate reductase. It appears this antibody may bind to a highly conserved antigenic site in the nitrate binding region of the enzyme.
Assimilatory nitrate reductases of higher plants, algae, and fungi use pyridine nucleotides as the electron donor for reduction of nitrate (3, 7, 12) . However, these enzymes will also accept electrons from other low potential donors such as flavins and viologen dyes (3, 7, 12) . When the NR2 functions as a catalyst with these artificial electron donors, the NADH site of the enzyme is bypassed and the electrons enter the system downstream from the FAD which is involved in accepting electrons from pyridine nucleotides (3, 7, 12) . The most definite demonstration of the separation of electron acceptor sites was made by cleaving Chlorella nitrate reductase into two functional domains with proteases (14) . One cleavage product contained FAD reduced methyl viologen (14) .
Bromphenol blue was recently shown to be an electron donor for NR (8) . Bromphenol blue supported nitrate reduction even after all other electron donors had lost their effectiveness and permitted isolation to homogeneity a form of NR from tobacco cell cultures (8) . It is the objective ofthis report to provide further details ofthe properties ofbromphenol blue as an electron donor for NR and to describe its usefulness in characterizing monoclonal antibodies for NR.
MATERIALS AND METHODS
The plants were grown and extracted as previously described, while NR was purified using blue Sepharose and assayed for NADH-and methyl viologen-dependent activities as before (1- (5) . Hybridoma cell lines secreting antibodies specific for nitrate reductase were selected using an enzyme-linked immunosorbent assay (ELISA) similar to those we have previously described (1, 3), which results in selection of both inhibitory and noninhibitory monoclonal antibodies. A preliminary description of the characteristics of some of these monoclonal antibodies has been made (9) . Freshly harvested supernatants of hybridoma cell cultures were used as the source of the monoclonal antibodies for the current studies, but the isolated immunoglobulins from either the cell culture supernatants or ascitic fluids have also been demonstrated to inhibit nitrate reductase activities (9; A Miller, WH Campbell, unpublished data). The assay was done in a total volume of 2 ml which contained 25 mm phosphate (pH 7.5), 1 mM EDTA, 10 mM nitrate, 0.1 ml of cell culture supernatant, 0.02 unit of squash or corn NADH:NR and reductant. The monoclonal antibodies and nitrate reductase were Plant Physiol. Vol. 82, 1986 incubated together in the buffered nitrate solution for 1 min at 30C then the reductant was added to initiate the reaction. The supernatant of the myeloma cell line (NS-1) was added to the control to compensate for any effects of culture medium.
RESULTS AND DISCUSSION
Comparison of Electron Donors for NR. Homogeneous NR has been prepared from higher plants, algae, and fungi and in all cases the pure enzyme can accept electrons from the physiological pyridine nucleotide donor and also reduced flavins and viologen dyes (3, 7, 11, 12) . The enzyme can also be reduced by dithionite directly, but will not act as an efficient nitrate reducing catalyst without a carrier dye present ( 12) . The ratio of nitrate reducing activity with the various electron donors has been investigated in several cases and it appears to vary with the state of the enzyme since the dye-dependent activities are more stable than the pyridine nucleotide-dependent activity (3, 7, 12) . In the earlier study of bromphenol blue-dependent NR activity, this artificial activity was found to co-purify with the NADH:NR activity of tobacco cell culture extracts during the initial purification and to be retained after much of the NADH and methyl viologen activity had been lost (8) . In that study, it was reported that the bromphenol blue NR activity was 10 to 15 times greater than the NADH NR activity and 60 times greater than the methyl viologen NR activity (8) . For squash NADH:NR, which was purified by blue sepharose affinity chromatography with an improvement in specific activity of 300-to 400-fold, the ratio of NADH:methyl viologen:bromphenol blue NR activity was 1:1:5 immediately after the enzyme was eluted from the column. However, after the enzyme solution had been frozen and thawed once, about one-half of the NADH activity was lost while essentially all the methyl viologen and bromphenol blue activities were retained. Thus, after freezing and thawing, squash NR had a ratio of NADH to bromphenol blue activity similar to that reported for tobacco NR, but the ratio of methyl viologen-to bromphenol blue-dependent activity remained about 1:5 in all enzyme preparations studied.
The kinetic properties of squash NR were investigated using frozen preparations. With respect to electron donors, the apparent Km values were 9 AM NADH (Vm,,ax = 0.45 units/ml), 1 AM methyl viologen (Vmax, = 1 unit/ml) and 60 AM bromphenol blue (Vma = 5.6 unit/ml). The previous study had found a Km value for bromphenol blue of 70 AM for tobacco NR (8) . With critical thiol group believed to be near the NADH site on the enzyme and to be involved in binding of NADH to the enzyme (7) . When this thiol group is blocked, NADH activity is lost but methyl viologen activity is essentially unaffected (7) . As shown in Table I , when squash NADH NR activity was inhibited with p-hydroxymercuribenzoate, both bromphenol blue and methyl viologen activity were retained even after 60 min of treatment. However, oxidized bromphenol blue, at a concentration slightly above the binding constant (K1), provided some protection against inactivation of the thiol group. The second means used to discriminate among NR electron donors is mild heat denaturation (7). When NR is heated at 40 to 45°C, NADH activity is rapidly lost while methyl viologen activity is retained and in some cases even enhanced (7) . When squash NR was heated at 40'C, about 15% ofthe NADH activity was lost in the first 5 min and 50% by 40 min, while bromphenol blue activity appeared to slightly increase during this same time period (Table II) . Since oxidized FAD has been reported to provide protection to the NADH nitrate reductase activity during mild heat denaturation (3, 7) , oxidized bromphenol blue was tested as a protectant of the NADH activity of the squash NR, but appeared to provide no protection (Table II) .
These tests, which have been used to differentiate between electron donors acting at the NADH site and those at other sites (3, 13) . In general, the monospecific antibodies prepared against NR have been most effective inhibitors of NADH and methyl viologen NR activities and less effective against dehydrogenase activities such as Cyt c reductase and ferricyanide reductase (3, 13) . Monoclonal antibodies have been generated against spinach and corn NR by two different groups and the immunoinactivation of the partial activities of NR has been used to differentiate among those antibodies which inhibit the NADH activity (4, 10) . For the corn monoclonal antibodies, three out of the nine antibodies described inhibited NADH and methyl viologen NR activity and two of these inhibitory antibodies also inhibited Cyt c reductase activity (4) . For spinach monoclonal antibodies, only inhibitory antibodies were selected: four which blocked NADH, flavin mononucleotide and methyl viologen NR activities; and two which inhibited NADH NR and NADH Cyt c reductase activities (10) . For the spinach antibodes, the use of both flavin and methyl violgen as electron donors did not lead to discrimination among three inhibitory antibodies despite apparent differences in epitopic specificity defined in competitive binding studies (10) . Thus, it was rather interesting that inhibitory monoclonal antibodies we have prepared against corn and squash NR could be differentiated based on their ability to inhibit NADH, bromphenol blue, or methyl viologen activities on these two enzyme forms (Table III) .
These results indicate that bromphenol blue interacts with NR in a manner very different from methyl viologen. This difference in specificity of the electron donors may permit identification of antibodies which inhibit by binding at the nitrate site versus those that bind at the electron donor sites. For example, in Table  III 
